Theoretical work suggests a paradoxical effect of diversity on the temporal stability of ecological systems: increasing diversity should result in decreased stability of populations while community stability is enhanced. While empirical work indicates that community stability tends to increase with diversity, investigations of the effect of diversity on populations have resulted in few clear patterns. Here, we examine relationships between community diversity and population stability in unmanipulated annual plant communities. We show that, counter to theory, the temporal stability of annual plant populations increases with diversity. In addition, and again counter to theoretical assumptions, mean population size tends to increase with diversity, a pattern most likely due to variation in local productivity. The fact that community diversity, population size and the temporal stability of populations covaried positively suggests that abiotic factors such as productivity may govern population stability to such an extent as to override potential effects of diversity.
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I N T R O D U C T I O N
A long-standing debate in ecology has been the effect of diversity on the temporal stability of biological systems (e.g. May 1974; McNaughton 1977; King & Pimm 1983) . The ecological consequences of biodiversity loss have gained increasing attention over the past decade (e.g. Naeem et al. 1994; Loreau et al. 2001 ) in part because current theory suggests that diversity has contrasting effects on the temporal stability of populations and communities. As diversity increases, population stability is predicted to decline while the stability of aggregate community properties should increase (May 1974; Tilman 1996; Lehman & Tilman 2000) .
While empirical work indicates that community stability tends to increase with diversity (Loreau et al. 2001) , empirical investigations of the effect of diversity on the temporal stability of populations have resulted in few clear patterns. Early observational work based on a comparison of populations from single high and low diversity communities revealed lower population variability in the high diversity community (Peterson 1975) . A more recent study examining dozens of communities, however, found no relationship between diversity and population stability (Romanuk & Kolasa 2002) . Experimental manipulations of diversity have similarly resulted in mixed patterns. Two studies found no relationships McGrady-Stead & Morin 2000) while another found that population stability tended to decline in higher diversity communities (Tilman 1996 (Tilman , 1999 .
In addition to the lack of clear patterns, experimental investigations of diversity-stability relationships have been the subject of much debate (e.g. Cottingham et al. 2001; Loreau et al. 2001) . Experimental studies of natural communities have been criticized for containing Ôhidden treatmentÕ effects whereby unmeasured variables covary with diversity or ÔsamplingÕ effects in which unique species are often restricted to high diversity communities (Givnish 1994; Huston 1997; Loreau et al. 2001) . These criticisms can be particularly important when species within a community exhibit dramatic differences in life history (Givnish 1994; Huston 1997) . Studies of artificially created communities may contain sampling biases in the selection of species such that unique species are present more frequently in high diversity communities and often result in assemblages that display unnatural patterns of evenness (Huston 1997; Loreau 1998; Wardle 1999; Cottingham et al. 2001) .
Here, we test the hypothesis that the temporal stability of populations declines as diversity increases. To minimize concerns about hidden treatment effects and artificial assemblages, we use a correlation approach to identify relationships between diversity and the stability of populations in natural, unmanipulated communities in which species have similar life history. In addition, we examine two mechanisms that affect diversity-stability relationships. First, the stability of a population in a community of equally abundant species is predicted to be sensitive to the degree to which population variance increases with the mean (Tilman et al. 1998; Tilman 1999) . A power function can be used to describe the positive relationship between the mean and variance as
where s 2 is the variance, c is a constant, m is the mean and z is the scaling coefficient (Tilman 1999; Cottingham et al. 2001) . Theoretical results suggest that population stability will decrease with diversity for z < 2.0, be independent of diversity for z ¼ 2.0 and increase with diversity for z > 2.0 (Tilman 1999; Cottingham et al. 2001) . Second, theory assumes that total community abundance does not vary with diversity (Tilman et al. 1998; Tilman 1999) and thus that population size declines with increasing diversity which can lead to greater population variability (e.g. Lande 1993; McGrady-Stead & Morin 2000) .
M E T H O D S
We examined the temporal stability of abundances of annual plant populations over an 11-year period (1989-2000) from a long-term study site in south-eastern Arizona, USA. The site contains 0.25 ha experimental plots separated by at least 50 m (Brown 1998) . Two temporally segregated annual plant assemblages occur at the site corresponding to the bimodal pattern of precipitation. The winter plant assemblage germinates following winter rains and flowers and sets seed in late spring. The summer plant assemblage germinates in July after the onset of summer rains and flowers and sets seed in late summer. On average, 27.6 winter and 21.7 summer species are observed each year (Guo et al. 2002) . Twice each year, all annual plants (rooted stems) were counted in 16 permanent 0.25 m 2 quadrats in each plot, in spring and late summer, corresponding to peak flowering time for the winter and summer plants, respectively. Adjacent quadrats within plots are separated by 13.5 m.
We examined the relationship between diversity and stability for both winter and summer plants at the scale of the quadrat communities. We examined the plant communities on each of the 96, 0.25 m 2 quadrats from six unmanipulated plots. We used mean species richness as the measure of diversity and S, the mean abundance divided by the SD in abundance (S ¼ x x/r), as the measure of temporal stability of populations (Tilman 1999) ; higher values of S indicate greater stability. We calculated mean richness over the 11-year period in each quadrat, for winter and summer plants, as well as S for all species with a mean abundance >0.25 individuals per quadrat per year (17 total species: eight summer, nine winter).
Most studies of diversity effects in plant communities measure temporal stability of biomass rather than abundance (e.g. Tilman 1996) because individuals can be difficult to identify and because abundance gives equal weight to seedlings and adults. While we would have preferred to use biomass for our analyses, we could not because such data were not available. However, in this annual plant system, individuals are relatively easy to identify and plants are sampled at the end of the brief growing season when individuals either are flowering or have seed set. In addition, in the one growing season that biomass data were collected, abundance and biomass exhibited a strong significant positive correlation (Q. Guo, unpublished work).
We analysed the data two ways. First, we performed plotlevel analyses by averaging data from the 16 qudrats on each unmanipulated plot to generate a single data point for each of the six plots. Doing so maximizes data independence but reduces statistical power to detect significant relationships. Second, we performed quadrat-level analyses by treating each of the 96 quadrats as independent and performed the same correlation analyses. Doing so increases statistical power but such analyses must be interpreted with caution due to pseudoreplication concerns (but see Oksanen 2001) .
Previous experimental studies of the effects of diversity on population stability have examined artificial microcosm or experimentally manipulated communities (e.g. Tilman 1996; McGrady-Stead & Morin 2000) and such studies have been criticized for creating unnatural assemblages or for containing hidden treatment effects (e.g. Huston 1997; Wardle 1999; Loreau et al. 2001) . We examined unmanipulated communities that exhibited natural variation in diversity and populations that exhibited natural variation in abundances. In this annual plant system, species composition changed somewhat every year with variation in seasonal precipitation (Guo et al. 2002) . Differential recruitment of rare species to quadrats and plots resulted in the natural variation in diversity across sampling units. As such, high diversity plots did not contain a set of unique species but rather, on average, tended to contain more rare species in more years. Unlike experimental work, however, our observational study cannot test for the effect of diversity per se on population stability because unmeasured variables may covary with diversity.
Rather, our approach allows testing of the predicted relationship between diversity and population stability and examination of two theoretical mechanisms that are predicted to reduce population stability in more diverse communities.
R E S U L T S
At the plot-level, mean diversity per quadrat ranged from 2.89 to 5.73 and 2.47 to 5.08 for the winter and summer plants, respectively. At the individual quadrat level, mean diversity ranged from 1.64 to 6.91 and 1.09 to 6.64 for the winter and summer plants, respectively.
Significantly more than half of the species exhibited increased stability with increased diversity [14 of 17 at the plot level (Binomial sign test; P ¼ 0.001) and 16 of 17 at the quadrat level (Binomial sign test; P < 0.001)]; for two species, this relationship was significant at the plot level and for 12 it was significant at the quadrat level ( Fig. 1; Table 1 ). No species exhibited a significant decline in stability with increasing diversity.
We examined the predicted effects of mean-variance scaling on population stability at the quadrat scale despite the fact that our natural communities violated the assumption of equal species abundances. For the 17 species examined, z-values ranged from 1.41 to 2.72 (Table 2) . Of the 16 species that exhibited a positive diversity-stability relationship, six had z-values < 2.0, contrary to prediction (Table 1) . Furthermore, the mean z-value of the 12 species exhibiting significantly greater stability with increasing diversity was not larger than the mean z-value of the five species that did not exhibit significantly greater stability with increasing diversity [mean (SE) z ¼ 2.07 (0.11) vs. 2.01 (0.19), respectively; P ¼ 0.78, t-test].
Contrary to theoretical assumption, mean population size increased with community diversity for 14 of 17 species at the plot level (Binomial sign test; P ¼ 0.001) and for all 17 species at the quadrat level (Binomial sign test; P < 0.001) ( Table 2 ). Furthermore, seven species (Eriogonum abertianum, Eriastrum diffusum, Crotalaria pumila, Cryptantha micrantha, Portulaca parvula, Stephanomeria exigua and Tidestromia lanuginosa) exhibited significant positive correlations between diversity and both temporal stability and mean population size at the quadrat level and one, T. lanuginosa, did so at the plot level. Thus, in species-rich communities, populations tended to be both larger and more stable than in speciespoor communities.
D I S C U S S I O N
Contrary to theory that assumes constant total community abundance across diversity gradients, we found no evidence that the temporal stability of populations declines with diversity. Indeed, we found strong evidence for the opposite relationship: the temporal stability of most species increased with diversity. Furthermore, similar diversity-stability patterns were observed at both plotand quadrat-levels among the 17 species examined.
We examined data from small-scale plant communities and one may question whether patterns revealed from 0.25 m 2 communities are relevant to other systems. We believe they are for two reasons. First, the theoretical prediction that population variability increases with diversity suggests that this occurs because of the destabilizing influence of strong species interactions (e.g. Tilman 1996 Tilman , 1999 Yachi & Loreau 1999; Ives et al. 2000; Lehman & Tilman 2000; Loreau et al. 2001) . This obviously requires sufficiently small-scale communities for interactions to playout, and such interactions are known to occur in these communities (Guo et al. 1998; Valone & Hoffman 2002) . Second, while on average, a single quadrat community contained a few dozen individuals from less than eight species, in some years communities contained hundreds of individuals of more than a dozen species (e.g. Guo et al. 1998) .
Mean-variance scaling does not appear to be a general explanation for the diversity-stability patterns observed because four species (Bouteloua aristidoides, C. pumila, Haplopappus gracilis and Sida spinosa) exhibited significant increases Figure 1 Relationships between mean community richness (diversity) and population temporal stability of one representative species, Stephanomeria exigua, at the (a) plot-level and (b) quadratlevel. Each point represents one population. Correlation statistics are in Table 1. in stability with increased diversity despite exhibiting scaling coefficients <2.0 (Tables 1 and 2 ). However, as predicted, eight of 12 species exhibiting positive diversity-stability relationships did exhibit scaling coefficients >2.0. Recall that our natural populations violated one potentially important assumption of mean-variance scaling theory: population sizes were not equal among species in communities. Because most natural communities will violate this assumption, Table 1 Mean abundance (individuals per quadrat per year) and correlation results of the relationship between diversity and temporal stability of abundance (S) for both the plot (n ¼ 6) and quadrat level analyses. At the quadrat level, n refers to the number of quadrat communities examined. n < 96 for some species because some quadrat communities had zero abundance each year for particular species. Nomenclature follows Kearney & Peebles (1960) Population stability and community diversity 93 additional theoretical work is required to determine the effect of natural patterns of abundance on the theory. In our communities, population size and diversity covaried positively. In fact, along with population size, total community abundance also increased significantly with diversity in this system (T.J. Valone and C.D. Hoffman, unpublished data) . If total community abundance is a rough estimate of local productivity, then the positive relationships between diversity and population size may have occurred because of variation in local productivity across the quadrats. Likely, variation in microtopographic characteristics resulted in variation in soil moisture that affected both diversity and population abundance positively. While relationships between diversity and mean population size can vary greatly (e.g. Ernest & Brown 2001; Armbruster et al. 2002; Ghazoul 2002) , recent empirical work suggests that community diversity and population abundances may covary positively (e.g. Kaspari et al. 2000; Suter et al. 2002) . Future work will be required first to determine the general nature of the relationship between diversity and population abundance and second, to disentangle the causal relationships between community abundance, community diversity and population temporal stability (e.g. Srivastava & Lawton 1998; Hubbell 2001) .
Our work suggests that populations in species-poor communities may exhibit greater fluctuations in abundance than populations in species-rich communities, owing to a lower number of individuals. If diversity and population abundance often covary positively, then the predicted paradoxical effects of diversity on the temporal stability of communities and populations may not be observed. Instead, both population and community stability may be higher in more diverse communities. This suggests that abiotic factors such as productivity may govern population stability to such an extent as to override potential effects of diversity. Further theoretical and empirical work is required to understand the effect of diversity per se on the stability of ecological systems. 
